. 1997. Measurement of microbial biomass N:C by chloroform fumigation-incubation. Can. J. Soil Sci. 77: 507-514. We present a calculation for soil microbial biomass N:C ratio determined from a 10-d incubation following chloroform fumigation. The calculation is based on a mathematical model of the N content of the pre-and post-fumigation soil microbial biomass and the growth yield of the biomass that develops after fumigation. Biomass N is calculated from the N:C ratio and biomass C. The mineralization of bacteria and fungi, with different N contents, added to fumigated soils was used to establish the model parameters. The model was tested against an independent set of measurements and considers two assumptions: 1) The ratio of N:C mineralized from killed biomass is equal to the ratio of N:C mineralized from soil nonbiomass constituents. 2) More realistically, the N and C mineralization in the fumigated soil, from sources other than killed biomass, is a residual fraction of the N and C mineralization in the unfumigated soil. Biomass C:N ratios calculated without a control correction (assumption 1) were, on average, 20% wider than corrected values (assumption 2). Biomass N calculated as the product of N:C and biomass C was compared with published values for several data sets. The new calculation method was robust even when net immobilization of N followed fumigation.
The soil microbial biomass is both an agent of biochemical change and a significant pool of labile nutrients. It serves key roles in nutrient cycling and soil fertility in both agricultural and natural systems. Measurement of the content of C, N and other nutrients in the microbial biomass is important to our understanding of these fundamental processes. When combined with isotopic tracers these measurements can also give estimates of transfer rates between functional pools.
The N content of the soil microbial biomass has been estimated from measurements of the N released following chloroform fumigation using one of two methods, fumigationincubation and fumigation-extraction. In fumigation-incubation, N mineralized to ammonium in a 10-d incubation following chloroform fumigation is measured (Jenkinson and Powlson 1976; Shen et al. 1984) . In fumigation-extraction (Brookes et al. 1985) , the materials released by fumigation are immediately extracted in K 2 SO 4 solution. Acid digestion converts the extracted N to ammonium which can be directly measured or further processed for mass spectrometry. Both methods have disadvantages and advantages. We have chosen to use the fumigation incubation method because we find it reliable across a wide range of soils and well suited for studies with tracers. In addition, the measurements of C and N mineralization in the unfumigated control can be used to derive activity ratios such as the respiratory quotient (Anderson and Domsch 1993) .
Calculation of biomass N (B N ) from the fumigation flush, which is the difference between N mineralized in the fumigated soil (N F ) and that mineralized by an unfumigated control (N C ), requires a factor k N which is the proportion of biomass N mineralized. The calculation requires the assumption that non-microbial N mineralized in the fumigated sample (N F ) is equal to, or a constant fraction of, that in the unfumigated control (N C ).
(1)
Values for k N have been estimated by adding cultured organisms of known C and N content to soil prior to fumigation (Jenkinson 1976; Adams and Laughlin 1981; Marumoto et al. 1982; Voroney 1983; Nicolardot et al. 1986) or by in situ labeling of the microbial biomass with 15 N (Voroney and Paul 1984) . These studies have yielded values for k N ranging from 0.22 to 0.68.
The change in mineral N following fumigation and incubation (N F ) is the net result of mineralization and immobilization occurring during the incubation (McGill et al. 1975) . It, and thus k N , depend on the C and N contents of pre-and post-fumigation biomass and on the growth yield of the post-fumigation biomass. Jenkinson (1988) considered that the C:N ratio of the microbial biomass in soils with no recent additions of high C:N ratio plant material was relatively constant. From data in the literature, after discarding acid soils and some others, he obtained a ratio of 5.3 for (C F -C C )/(N F -N C ) and calculated a k N as 0.57; this corresponds to a biomass C:N ratio of 6.7. Jenkinson suggested that the chloroform fumigation incubation (CFI) method should not be used for soils with higher (C F -C C )/(N F -N C ) ratios than 7.5. However, unamended soils often exhibit (C F -C C )/(N F -N C ) ratios greater than the limit suggested by Jenkinson (1988) and we have frequently observed net N immobilization after fumigation. Jenkinson (1976) and Voroney (1983) showed that when organisms added to soil had a C:N ratio of about 10 no net mineralization of biomass N was observed during the 10-d incubation following fumigation. Addition of fungal biomass with C:N ratios greater than 10 led to net immobilization of soil N. Voroney and Paul (1984) argued that the extent of immobilization was dependent on the regrowth after fumigation and that carbon mineralization C F , without subtracting a control, was an indicator of the amount of regrown biomass. They developed a method for varying the value of k N depending on the ratio of C and N mineralization (C F /N F ) using the relation:
The concept of adjusting k N according to the C F /N F ratio is useful because it allows k N to vary with the original C:N ratio of the biomass while a fixed k N presupposes a constant biomass C:N ratio. However, problems arise in the calculation of k N using the above Eq. 2. The function is discontinuous at N F = 0 and has large positive or negative values when N F is close to zero, it thus predicts improbably high or negative biomass N when N F is small or negative.
We re-examined the method for calculating microbial biomass N using a mathematical model of the decomposition and regrowth of the biomass after fumigation. The parameters of this model, the proportion of C mineralized during regrowth of the biomass after fumigation and its C:N ratio, were estimated from data on C and N mineralization following addition of cultured organisms of known C and N content to fumigated soil.
METHOD
We based the calculation of biomass on the concept that the ratio of N F /C F (the inverse of that used by Voroney and Paul) is a reflection of the N:C ratio of the pre-fumigation biomass plus any non-microbial material that is metabolized, the C mineralization factor (k) and the C:N ratio of the post-fumigation biomass (L). The calculation is based on the conceptual model of pre-and post-fumigation biomass shown in Fig 1. When microbial biomass C (B C ) is made available for decomposition by fumigation, a fraction (α) is processed by the surviving, or re-inoculated, microbes and transformed either to CO 2 (B C α k) or to new biomass (B C α (1 -k)) with a C:N ratio (L). In addition, a fraction (p) of the non-microbial soil organic C metabolized by the unfumigated soil organisms (C C ) is mineralized (C C p k) or incorporated into new biomass (C C p (1 -k)). Some fraction β of the microbial biomass N (B N ) is metabolized and either mineralized or incorporated into new biomass. A fraction (q) of the N mineralized or immobilized in the unfumigated soil (N C ) is also mineralized or immobilized.
We treated the addition of microbial biomass to fumigated soil as a special case of this model where there is no contribution of C from non-microbial sources. In this case the net N mineralization (N F ) resulting from the addition of microbial biomass is equal to the difference in N contents of the decomposed fraction of the added organisms B N β, and the newly grown post-fumigation biomass,
C mineralized (C F ) is equal to the product of the C content of the decomposed pre-fumigation biomass (B C α) and the mineralization factor k,
The ratio N F /C F is determined by:
By rearrangement of Eq. 5, biomass N/C can be expressed as:
The parameter k 1 includes terms describing the fractions of the added biomass C and N (α, β) metabolized by the postfumigation biomass and the fraction of the metabolized C which is mineralized (k). The parameter k 2 combines terms for the fraction of added biomass C α(1 -k) which is incorporated into new biomass and the C:N ratio of this biomass (L) and the proportion of biomass N decomposed (β).
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Substituting in Eq. 6 (7) Equation 7 defines a linear relationship between the biomass N:C ratio (B N /B C ) and the ratio of post-fumigation mineralization N F :C F . We estimated the parameters k 1 and k 2 by regression using the measurements of N and C mineralization made after adding cultured bacteria and fungi at various C:N ratios to soil (Table 1) . These were used in the original Voroney and Paul (1984) calculation and were reported by Voroney (1983) . We tested the parameters obtained from the Voroney data against the data of Jenkinson (1976) who also measured C and N mineralization following fumigation of soil to which organisms of known C and N contents were added.
The relationship between mineralization and the C and N contents of added organisms developed above can be extended to apply also to the fumigation response in the CFI method. This requires estimation of the contributions of non-microbial C (pC C ) and N (qN C ) to net mineralization and new biomass formation in the fumigated soil during the 10 day incubation.
The fumigation responses due to the soil biomass (C FBIO , N FBIO ) then become
Substituting in Eq. 7:
(10) Horwath et al. (1996) developed a method to estimate the contribution of non-microbial C to the C mineralized following fumigation by relating the results of CFI to microscopic biomass measurements. The method estimates the For personal use only.
proportion (p) of C mineralization in the 10 day incubation of unfumigated soil (C C ) which also occurs in the fumigated soil (C F ).
We have no equivalent estimate of the contribution in the fumigated soil of N mineralized due to decomposition of materials other than the killed biomass (qN C ). Since we have no estimate of (q) in Eq. 10, two simplifying assumptions were compared. The first assumption is that the mineralization ratio (qN C : pC C ) of the non-biomass material that is decomposed in the fumigated soil is the same as that of the decomposed fraction of the killed biomass (N F : C F ). In this case, because the non-microbial components in the postfumigation incubation have no influence on the N F /C F ratio; Eq. 10 reduces to Eq. 7.
rearranging Eq. 7
An alternative simplifying assumption is that the fractions of N and C mineralization due to decomposition of non-biomass material in the fumigated soil are equal (q = p). This would be true if the non-biomass material decomposed in the fumigated soil were qualitatively similar to that decomposed in the unfumigated soil. With this assumption p and q can be estimated by the method of Horwath et al. (1996) and Eq. 10 can be used to estimate biomass N from C and N mineralization measurements in fumigated and unfumigated samples after a 10-d incubation.
RESULTS AND DISCUSSION
The experimental addition of known amounts of microbial biomass to fumigated soil represents a special case of Eq. 10 where p = q = 0 because N F contains no contribution from sources of C or N other than the added organisms. The best fit (R 2 = 0.92) to the Voroney data was obtained when k 1 was 0.52 ± 0.04 and k 2 was 0.097 ± 0.006 (Fig. 2) . The model with these parameters was tested by predicting the C:N ratios of organisms added to fumigated soil in the experiment by Jenkinson (1976) . The predicted C:N ratios closely matched the measured C:N ratios of the added organisms (y = 0.98x, R 2 = 0.99, Fig. 3 ). This agreement provides strong evidence to support the model for two diverse sets of added organisms with a range of C:N ratios in two different soils. We combined the Voroney and Jenkinson data to derive the overall parameter estimates, k 1 = 0.56 ± 0.02, k 2 = 0.095 ± 0.005. Using these values for k 1 and k 2 , Eq. 12 becomes: (13) Biomass N can be calculated by multiplying the N/C ratio by biomass C (14) For personal use only.
We tested the concept and the parameter values by applying them to several data sets. Ocio and Brookes (1990) tested several methods for determining microbial biomass in soil following additions of straw. They concluded that biomass C and N in this amended soil could be determined by CFE but not by CFI. We recalculated the data of Ocio and Brookes using the CFI-C calculation described by Horwath et al. (1996) and biomass N by the calculation methods described here. CFI-biomass N calculated without correction for mineralization from non-biomass material, using Eq. 14 (p = q = 0), agreed closely with the values obtained by CFE (CFI B N = (0.98 ± 0.04) CFE B N , R 2 = 0.985).
When a correction for the contribution of non-biomass material to mineralization in the fumigated soil was made [Eq. 14, p = q = 0.29 × C F /C C + 0.23 (Horwath et al. 1996) ] the relationship between CFE and CFI biomass N was again very strong but the CFI biomass N values were, on average, 19% higher than those obtained by CFE (CFI B N = (1.19 ± 0.04) CFE B N , R 2 = 0.993) (Fig. 4) . The higher biomass N values obtained by the second method, where a "control correction" is made, are expected because the ratio of C to N mineralization in unfumigated soil is generally wider than that in fumigated soil (Ayanaba et al. 1976; Sparling and Zhu 1993) . This means that the errors arising from the contribution of N mineralized from non-biomass material (N C q) in the fumigated sample are small compared to those arising from C mineralization (C C p) (Jenkinson 1988) . The choice of an appropriate correction for C mineralization has remained controversial (Smith et al. 1996; Horwath et al. 1996; Wu et al. 1996) and has been an important factor favoring the widespread use of CFE. The method of partial "control" subtraction developed by Horwath et al. (1996) has been used here because it enables biomass C and N estimates to be made by CFI in soils for which the original Jenkinson method does not work. Figure 5 shows CFI biomass N values for samples taken over a 6-yr period (1989) (1990) (1991) (1992) (1993) (1994) (1995) from a long term ecological research (LTER) experiment (Robertson et al. 1997) at Kellogg Biological Station, Michigan. The soil, a sandy loam of pH 6.3, containing 0.9-1.5% organic C, had been cultivated in row crops for decades before it was converted in 1989 to 1-ha plots with seven annual and perennial cropping systems. Both the Voroney and Paul (1984) and the Jenkinson (1988) calculations give improbable biomass N and C:N ratios for many of the samples. This can be attributed to high C F /N F ratios although the fundamental reason for this is unclear. The new calculation method appears robust in all cases and estimates a mean biomass C:N ratio of 7.3 with a range of 4.3 to 15.8 when no control subtraction was made (Fig. 5a ). When the mineralization was adjusted by partial subtraction of the control (Horwath et al. 1996 ) the mean C:N ratio was 6.4 with a range of 3.5 to 21.1. C:N ratios calculated using Jenkinson's (1988) method for biomass N had a mean of 7.9 and a range of 1.0 to 37.8, after excluding 36 of the 117 samples for which extreme or negative C:N ratios were obtained.
In soils where C F /N F falls within the limits suggested by Jenkinson (1988) , the estimates of biomass N:C and N by the new method without control subtraction (Eq. 7) are similar to those obtained using the standard calculation and a k N of 0.57 (Eq. 1). Values obtained with control subtraction (Eq. 13) are about 20% higher (Fig. 6) . However, the new N C ) is less than 7.5; calculated without (A) or with (B) correction for residual mineralization of non-biomass constituents in the fumigated soil and by the standard methods (C), (Jenkinson 1988) . Data recalculated from Ayanaba et al. (1976) (D), Adams 1983 ( ) and Shen et al. 1984 (+) . B C for A and B calculated according to Horwath et al. (1996) calculation greatly extends the range of soils for which biomass C:N and N can be determined by the CFI method and is robust even when fumigation is followed by net immobilization of N.
CONCLUSIONS
The two methods described here for calculation of biomass C:N and N from CFI data require five measurements; 10-d C mineralization in fumigated and unfumigated soils (C F , C C ) and initial and 10-d mineral N contents in fumigated and unfumigated samples ( N C = mineral N after 10-d incubation of unfumigated soil minus soil mineral N at day 0, N F = mineral N after 10-d incubation of fumigated soil minus soil mineral N at day 0). Four of these measurements are required for biomass C and N determination by previous methods (Jenkinson 1976; Jenkinson 1988) for which measurement of initial mineral N is not required. Calculation of biomass N:C ratio (B N /B C ) can be made without correction for mineralization of non-biomass material in the fumigated sample: (15) This calculation uses only the measured C and N mineralization following fumigation and incubation and parameters determined from added organism experiments. Biomass N is then obtained by multiplying biomass N:C by biomass C which could be determined by any suitable method. The biomass N:C estimate can be refined by including terms defining the contribution of non-biomass materials to mineralization in the fumigated soil. (13) where qN C and pC C = N and C mineralization in the fumigated soil from sources other than chloroform-killed biomass, and: (16) This calculation includes measurements of C and N mineralization in the unfumigated soil and a fraction p, determined from calibration of CFI by microscopy (Horwath et al. 1996) . On average, the calculation with partial control correction (Eq. 13) yields values 20% higher than the uncorrected version (Eq. 15). Values obtained from Eq. 13 may be more accurate than those from Eq. 15 because differences in the C:N ratio of biomass and non-biomass materials decomposed in the fumigated soil are taken into account.
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